Effects of carbon supports on Pt distribution, ionomer coverage and cathode performance for polymer electrolyte fuel cells  by Park, Young-Chul et al.
lable at ScienceDirect
Journal of Power Sources 315 (2016) 179e191Contents lists avaiJournal of Power Sources
journal homepage: www.elsevier .com/locate/ jpowsourEffects of carbon supports on Pt distribution, ionomer coverage and
cathode performance for polymer electrolyte fuel cells
Young-Chul Park a, Haruki Tokiwa b, Katsuyoshi Kakinuma a, Masahiro Watanabe a,
Makoto Uchida a, *
a Fuel Cell Nanomaterials Center, University of Yamanashi, 6-43 Miyamae, Kofu 400-0021, Japan
b Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi, 4-4-37 Takeda, Kofu 400-8510, Japanh i g h l i g h t s* Corresponding author.
E-mail address: uchidam@yamanashi.ac.jp (M. Uch
http://dx.doi.org/10.1016/j.jpowsour.2016.02.091
0378-7753/© 2016 The Authors. Published by Elsevieg r a p h i c a l a b s t r a c t Effective Pt surface area was in the
order: Pt/CB < Pt/GCB < Pt/
AB800 < Pt/AB250.
 Hollow structure of the CB and
AB800 decreased the effective Pt
surface area (S(e)Pt).
 S(e)Pt values were in good agreement
with the performance at high current
densities.
 This is due to improvement of the
effective Pt surface area and ionomer
distribution.
 The AB-supported Pt catalysts had
well-balanced supply paths for pro-
tons and oxygen.a r t i c l e i n f o
Article history:
Received 23 December 2015
Received in revised form
25 February 2016
Accepted 29 February 2016
Available online 21 March 2016
Keywords:
Carbon-supported Pt catalysts
Effective Pt surface area
Pore structure
Ionomer distribution
Polymer electrolyte fuel cellsa b s t r a c t
We investigate the effects of the carbon supports on the Pt distribution, ionomer coverage and cathode
performance of carbon-supported Pt catalysts, by using STEM observation, N2 adsorption analysis and
electrochemical characterization. According to the STEM observation, the effective Pt surface area (S(e)Pt),
which is determined by the location and size of the Pt particles on the supports, increases in the
following order: c-Pt/CB < c-Pt/GCB < n-Pt/AB800 < n-Pt/AB250. The N2 adsorption analyses show that
the Pt particles observed in the interior of the CB and AB800-supported Pt catalysts during the STEM
observation could be ascribed to the hollow structures inside the carbon supports, which decrease their
effective Pt surface areas. The S(e)Pt values are in good agreement with the cell performance in the high
current density region. In spite of the highest Pt utilization (UPt) value (>90%) and uniform ionomer
coverage, the c-Pt/CB catalyst shows the lowest cell performance due to the lower S(e)Pt value. On the
other hand, the n-Pt/AB250 catalyst, for which all of the Pt particles exist only on the exterior surface, is
found to be the most attractive in order to generate the large current densities required by actual fuel cell
operation.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).ida).
r B.V. This is an open access article1. Introduction
The polymer electrolyte fuel cell (PEFC) is one of the most
attractive power generation systems for fuel cell vehicles (FCVs)under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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exhaust emissions and high energy efﬁciency. However, at present,
the cathode catalysts of PEFCs require an appreciable amount of
costly platinum or its alloys, due to the slow kinetics of the oxygen
reduction reaction (ORR) in an acidic environment at low operating
temperatures (<100 C) [1e4]. Because of the high cost and limited
availability of Pt resources related to large-scale commercialization,
it is very important to reduce the amount of Pt by developing highly
efﬁcient cathode catalyst layers (CLs), increasing the number of
reaction sites on the Pt particles, and ensuring an effective reactant
supply.
To this end, the distribution of Pt particles on supported Pt
catalysts is one of the important factors. In our previous paper [5],
we proposed a new evaluation method for the “effective surface
area” that can practically contribute to the ORR, which could be
calculated by use of the Pt size distribution through the comparison
of transmission electron microscopy (TEM), scanning electron mi-
croscopy (SEM) and three-dimensional (3D) images. Our results
suggested that the interior surface area in carbon support particles,
leading to decreases of the effective surface area, should be elimi-
nated to improve the cell performance for the MEA, because Pt
particles located in the interior pores are inferior in terms of
reactant transport for the electrode reactions, particularly under
large current density conditions in the fuel cell vehicle application.
This concept further suggests that it is necessary to develop new
support materials with fewer interior pores, for the improvement
of the effective surface area, as replacements for the commonly
used carbon blacks (CB) as support materials for Pt catalysts.
In addition, the distribution of ionomer on the surfaces both of
Pt particles and carbon particles is another key point for the design
of high performance cathode CLs, because the transport of species
such as O2 and protons (Hþ) related to the ORR is controlled by the
thickness of the ionomer on the catalyst surface, as well as the
continuity of the ionomer and gas networks in the CL, with the
transport of electrons being related to the continuity of the carbon
particle network [6,7]. In previous work [8], we demonstrated this
suggestion by carrying out the analysis of the distribution of the
ionomer coated on the Pt catalyst particles by means of cold ﬁeld
emission scanning transmission electron microscopy (FE-STEM)
observation; the distribution of ionomer signiﬁcantly affected the
cell performance, especially under large current density conditions.
Based on the above background, we investigated the effects of
the pore structure, Pt particle distribution and ionomer distribution
on the cell performance of various carbon-supported Pt catalysts,
by using N2 adsorption, STEM observation and electrochemical
characterization. In this study, two types of commercial 30 wt% CB-
supported Pt catalysts (c-Pt/CB, TEC10E30E, Tanaka Kikinzoku
Kogyo K. K.) and graphitized carbon black (GCB)-supported Pt
catalyst (c-Pt/GCB, TEC10EA30E, Tanaka Kikinzoku Kogyo K. K.), and
30 wt% acetylene black (AB)-supported Pt catalysts, prepared in
house by the nanocapsule method [9,10] (n-Pt/AB800 and n-Pt/
AB250, speciﬁc surface area of AB800 and AB250: 779 m2 g1 and
219m2 g1, Denki Kagaku Kogyo Co., Ltd.), were used as the cathode
catalysts.
2. Experimental
2.1. Distribution of Pt particles
The morphology of the carbon-supported Pt catalysts was
analyzed by using STEM (HD-2700, Hitachi High-technologies Co.,
acceleration voltage ¼ 80 kV). With the STEM instrument being
used in the TE mode (TEM image), it is possible to observe all of the
Pt particles that are located on the interior and exterior surfaces of
the carbon particles as black dots. With the same instrument beingused on the same sample at the same location in the SE mode (SEM
image), it is possible to examine precisely the same location of the
sample and observe Pt particles located only on the exterior sur-
faces of the carbon particles as white dots [11]. Furthermore, the
use of a 3D-holder enables one to rotate the sample by exactly 180,
which ensures that all of the exterior Pt particles are accounted for
[12]. Thus, we analyzed the distribution of Pt particles on various
carbon supports in detail.
2.2. Microstructure of carbon supports and supported Pt catalysts
We applied N2 adsorption in order to investigate the pore
structures of the carbon supports. The N2 physisorption experi-
ments were performed at 77 K by use of a surface area/pore size
analyzer (Autosorb-iQ-MPXR, Quantachrome Instruments). All of
the samples (30e70 mg) were degassed at 100 C for 24 h in an on-
board degassing port, prior to the adsorption experiments. The N2
adsorption measurements were conducted in the P/P0 range
108e0.997, where P represents the gas pressure, P0 the saturation
pressure. The speciﬁc surface area and pore volume distribution
were calculated by the Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods, respectively. In order to evaluate
the pore size distribution range between mesopore and macropore
from nitrogen adsorption/desorption isotherms, the gas sorption
analyses were carefully performed by use of a high-precision
pressure transducer. Moreover, the saturated vapor pressure was
measured throughout the entire analysis by means of a dedicated
saturation pressure transducer, which allowed us to measure ni-
trogen adsorption isotherms even at pressures very close to the
saturation pressure of nitrogen. In addition, we utilized quenched
solid density functional theory (QSDFT) for the characterization of
the nanopore sizes (small mesopores and micropores, <10 nm) of
the carbon supports [13,14]. The crystallite size (Lc(002)) and lattice
constant (d(002)) from the (002) plane of the carbon materials
were estimated by X-ray diffraction measurements (XRD, Smart
Lab, Rigaku Co. Ltd.) with Cu Ka radiation (0.15406 nm, 40 kV,
40 mA).
2.3. Ionomer distribution
The distribution of the ionomer coated on the Pt and carbon
support particles was performed by use of TEM (HT7700S, Hitachi
High-technologies Co.) at a low acceleration voltage (80 kV), in
order to obtain images with high contrast and high resolution [15].
The lowacceleration voltage canminimize the beam damage of soft
materials. The TEM, which was equipped with a special high-
resolution objective lens, allowed us to achieve high resolution
observation with high contrast at the low acceleration voltage, and
also enabled us to carry out a simultaneous evaluation of the
nanometer-sized soft organic ionomer, and inorganic carbon
materials.
2.4. MEA preparation
All of the anode catalyst layers were prepared with the CB-
supported Pt catalyst (Pt/CB, TEC10E50E, 46 wt%-Pt, Tanaka Kikin-
zoku Kogyo K.K.) and Naﬁon ionomer (E.I. Du Pont de Nemours &
Co., Inc., DE521). In contrast, the cathode catalyst layers were pre-
pared from the CB-supported Pt catalyst (c-Pt/CB), GCB-supported
Pt catalyst (c-Pt/GCB), AB800-supported Pt catalyst (n-Pt/AB800)
and AB250-supported Pt catalyst (n-Pt/AB250) with a short-side-
chain (SSC) ionomer (Aquivion™ D70-20BS, equivalent weight
(EW) ¼ 700 ± 20 g eq1, ion exchange capacity
(IEC) ¼ 1.43 ± 0.04 meq g1, Solvay-Solexis). The properties of the
carbon supports and supported Pt catalysts used in this study are
Table 1
Properties of the carbon supports and supported Pt catalysts used in this study.
Carbon supports Unit CB GCB AB800 AB250
Speciﬁc surface areaa m2 g1 875 164 779 219
Crystallite size, Lc(002)b nm 1.35 4.53 1.41 2.09
Lattice constant, d(002)b nm 0.357 0.345 0.352 0.346
Catalysts Unit c-Pt/CB c-Pt/GCB n-Pt/AB800 n-Pt/AB250
Pt loading method commercial commercial nanocapsule nanocapsule
Pt loadingc wt% 28.6 29.3 25.0 25.1
Speciﬁc surface areaa m2 g1 477 137 172 115
Speciﬁc surface area after ionomer additiona m2 g1 205 51 53 53
Pt loading of cathode CLs mg cm2 0.051 0.048 0.049 0.051
* The crystallite size indicates thickness of graphite layers.
a BET.
b XRD.
c ICP.
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The Pt catalyst pastes were prepared from the carbon-supported
Pt catalysts, Naﬁon or Aquivion ionomers, ethanol and pure water
by use of a planetary ball mill for 30 min. The mass ratio of the
binder to carbon black (ionomer/carbon) was adjusted to 0.7. To
prepare uniform catalyst-coated membranes (CCM), the catalyst
paste was directly sprayed onto the Naﬁon membrane (NRE 212,
Dupont, 50 mm thickness) by the pulse-swirl-spray technique (PSS),
and then dried at 60 C in an electric oven. The CCMswere annealed
by hot-pressing at 140 C and 2.8MPa for 3min, and then theywere
assembled with two gas diffusion layers (GDLs, 25BCH, SGL Carbon
Group Co., Ltd.) and a single serpentine pattern cell (Japan Auto-
mobile Research Institute (JARI) standard cell) with an active geo-
metric area of 29.2 cm2. The Pt loading of the anode CLs was ca.
0.5 ± 0.01 mg-Pt cm2, and the Pt loadings of the cathode CLs are
presented in Table 1.2.5. Electrochemical measurements
The current-potential (I-E) polarization curves of theMEAswere
measured by supplying hydrogen and air/oxygen to the anode and
cathode, respectively, at 80 C under ambient pressure (1 atm),
which were pre-humidiﬁed at 100% RH by bubbling through water
reservoirs. The ﬂow rates of all gases were controlled by mass ﬂow
controllers. The utilizations of the reactant gases were 70% for H2,
40% for O2 and 40% for air. The cell potentials (E) were measured
galvanostatically as a function of current density by use of an
electronic load (PLZ-664WA, Kikusui Electronics Co.) controlled by
a measurement system (FCE-1, Panasonic Production Technology).
The cell resistance was measured at 1 kHz under load by use of a
digital ac milliohmmeter (Model 3566, Tsuruga Electric Co.). The I-E
curves were measured under steady-state operation, with a mea-
surement time of 5 min for each point.
Cyclic voltammetry (CV) measurements were performed at 40
and 100% RH by use of a potentiostat (HZ-5000 Automatic Polari-
zation System, Hokuto Denko Co.) in order to evaluate the elec-
trochemically active surface area (ECSA) of the Pt catalyst in the
cathode CLs. The cathode compartment was purged with N2
(100 mL min1, 100% RH), while H2 gas (100 mL min1, 100% RH)
was supplied to the anode. Prior to the potential sweep, the po-
tential wasmaintained at 0.075 V for 3 s to ensure that the Pt was in
a reproducibly reduced state. Then, the potential was swept from
0.075 V to 1.000 V at 20 mV s1 and reversed back to 0.075 V. The
N2 ﬂow was stopped during the entire CV measurement to avoid
perturbing the H2 partial pressure [16]. The values of ECSA were
determined from the hydrogen adsorption charge referred to
DQH
o ¼ 0.21 mC cm2, the conventional value for a monolayer ofadsorbed hydrogen on clean polycrystalline platinum [17].
The Pt utilization (UPt) value of the Pt catalysts is deﬁned as
follows:
UPt %ð Þ ¼
ECSA
SPt
 100
The ECSA is divided by the total speciﬁc Pt surface area, SPt,
which is not calculated from the mean particle size in the con-
ventional manner but is estimated from the area accumulated from
the surfaces of large numbers of Pt particles observed by STEM in
order to evaluate the catalyst properties more precisely [5].3. Results and discussion
3.1. Pt particle distribution of the carbon-supported Pt catalysts
The TEM and SEM images at 0 and 180 for c-Pt/CB, c-Pt/GCB, n-
Pt/AB800 and n-Pt/AB250 catalysts are presented in Fig. 1 with Pt
particle-size distributions at both the interior and exterior surfaces.
The morphologies were analyzed by use of STEM with a 3D sample
holder (0e360,±15 tilt). As presented in our previous work [5,18],
the SEM and TEM images of both front (0) and back (180) for
these carbon-supported Pt catalysts provide information about the
location of Pt particles; the exterior Pt particles are deﬁned by the
SEM images, whereas the interior Pt particles are deﬁned by the Pt
particles in the TEM images that had not been observed with SEM,
so that all of the Pt particles were accounted for.
The Pt/CB catalyst prepared from Ketjenblack, with a very high
speciﬁc surface area, ca. 875 m2 g1 (Ketjen Black International,
Inc.), showed a high dispersion state of Pt particles on the carbon
support, as shown in the TEM images of Fig. 1(c) and (d). However,
fewer Pt particles are observed in the SEM images in Fig. 1(a) and
(b), corresponding to the TEM images. This indicates that many
more Pt particles existed in the interior of the Ketjenblack particles
than on the exterior surfaces; 38% of the Pt particles existed on the
exterior carbon surface, and 62% existed in the interior. Similar
results were obtained in our previous work [5]; more than half of
the Pt particles for the 50 wt% Pt-loaded CB catalyst (TEC10E50E)
existed in the interior of the support. This phenomenon can be
ascribed to the penetration of the Pt nanoparticles into the nano-
sized pores on the carbon particles, as will be discussed in Sec-
tion 3.2. The large portion of the Pt particles in the interior can
lower the accessible electrocatalytic surface area, which might lead
to lower ORR performance. The mean diameters of the Pt particles
were 2.8 ± 0.5 nm for the exterior and 2.3 ± 0.5 nm for the interior,
as listed in Table 2. Thus, the Pt particles in the interior were smaller
than those on the exterior surfaces. The total surface area of the Pt
Fig. 1. STEM images and Pt distributions at both interior and exterior surfaces of the carbon-supported Pt catalysts (SE mode, SEM image; TE mode, TEM image): (a) SE mode 0 of c-
Pt/CB, (b) SE mode 180 of c-Pt/CB, (c) TE mode 0 of c-Pt/CB, (d) TE mode 180 of c-Pt/CB, (e) Pt distribution of c-Pt/CB, (f) SE mode 0 of c-Pt/GCB, (g) SE mode 180 of c-Pt/GCB, (h)
TE mode 0 of c-Pt/GCB, (i) TE mode 180 of c-Pt/GCB, (j) Pt distribution of c-Pt/GCB, (k) SE mode 0 of n-Pt/AB800, (l) SE mode 180 of n-Pt/AB800, (m) TE mode 0 of n-Pt/AB800,
(n) TE mode 180 of n-Pt/AB800, (o) Pt distribution of n-Pt/AB800, (p) SE mode 0 of n-Pt/AB250, (q) SE mode 180 of n-Pt/AB250, (r) TE mode 0 of n-Pt/AB250, (s) TE mode 180 of
n-Pt/AB250 and (t) Pt distribution of n-Pt/AB250.
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Table 2
Sizes of Pt particles, frequency and surface areas for those located on the interior and exterior surfaces of the carbon support particles.
Catalysts Particle size (nm) Frequency (%) Pt surface area (m2 g1)
c-Pt/CB Exterior 2.8 ± 0.5 38 38
Interior 2.3 ± 0.5 62 62
c-Pt/GCB Exterior 3.3 ± 0.5 95 68
Interior 2.9 ± 0.5 5 4
n-Pt/AB800 Exterior 2.6 ± 0.3 82 87
Interior 2.2 ± 0.3 18 19
n-Pt/AB250 Exterior 2.5 ± 0.3 100 107
Interior e e e
* Total Pt surface area (SPt) ¼ interior Pt surface area (S(i)Pt) þ exterior Pt surface area (S(e)Pt).
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diameter observed by STEM, as reported in our previous publica-
tion [5], was 100 m2 g1: S(e)Pt ¼ 62 m2 g1 and S(i)Pt ¼ 38 m2 g1.
Fig. 1(f)e(i) show the STEM images of the Pt/GCB catalyst, pre-
pared from graphitized Ketjenblack heat-treated in advance, with a
speciﬁc surface area of ca. 164 m2 g1, in order to improve the
corrosion resistance versus the start-stop cycling of practical PEFC
operation. As seen both in the TEM images of Fig. 1(h), (i) and
Table 1, the surface of the GCB support consists of graphite layers
overlapping a graphene in the multilayer. The crystallite size
(Lc(002)) of the GCB increased to 4.53 nm from that for the CB
(1.35 nm), and the lattice constant (d(002)) decreased from that for
the CB (0.357 nm) to 0.345 nm due to the heat treatment for
graphitization. The graphite layers were concentrated on the car-
bon surfaces. For the Pt/GCB catalyst, the Pt particles were pre-
dominantly observed on the exterior surface of the GCB, in contrast
with the c-Pt/CB. The percentage of the Pt particles on the exterior
surfacewas over 90%, and only a small portion (5%) remained inside
the carbon particles. This situation leads to an increased effective Pt
surface area for catalytic reactions (S(e)Pt¼ 68m2 g1), as explained
in our previous publication [5]. However, most of the Pt particles on
the GCBwere aggregatedwith adjacent Pt particles. In addition, the
mean diameters of the Pt particles were larger than those of the c-
Pt/CB: 3.3 ± 0.5 nm for the exterior and 2.9 ± 0.5 nm for the interior
(Table 2). This negative effect led to a decrease of the total speciﬁc
Pt surface area (SPt ¼ 72 m2 g1), in comparison with the c-Pt/CB
catalyst, in spite of the larger percentage of the Pt particles on the
exterior surface.
We used an acetylene black (Denka Co., Ltd), AB800, as the
support for the Pt catalyst (n-Pt/AB800) in order to compare with
the commercial Ketjenblack support [19]. The AB800 also had a
large speciﬁc surface area, similar to that for Ketjenblack (Table 1).
As shown in the TEM images of Fig. 1(m) and (n), the AB800 con-
sists of poorly ordered graphitic layers, i.e., not completely graph-
itized. The Lc (002) value was also small, similar to that of
Ketjenblack (AB800 ¼ 1.41 nm, CB ¼ 1.35 nm). Comparing the TEM
images with the SEM images (Fig. 1(k) and (l)), it was found that
over 80% of the Pt particles existed on the exterior of the AB800
support. In view of the effective Pt surface area, this is indicative of
a signiﬁcantly improved distribution state of the Pt particles for the
high area surface support, i.e., S(e)Pt ¼ 87 m2 g1. Furthermore, the
Pt particle sizes were more uniform, i.e., a mean diameter of
2.6 ± 0.3 nm, as presented in Fig. 1(o), in comparison with those of
the commercial Pt/CB and Pt/GCB catalysts. However, a signiﬁcant
portion (18%) still remained inside the carbon particles, the mean
diameter being 2.2 ± 0.3 nm. This might be attributed to presence
of the nano-sized pores formed during the oxygen activation
treatment of the AB800. The surface area of the Pt particles in the
interior, S(i)Pt, was 19 m2 g1 (Table 2).
Fig.1(p)e(s) exhibit the STEM images of the n-Pt/AB250 catalyst,
whichwas prepared from the heat-treated AB800 in advancewith aspeciﬁc surface area of ca. 220 m2 g1, attempting to improve the
durability. From the TEM images (Fig. 1(r) and (s)), it was found that
the AB250 support has a graphite structure, but the graphitic layers
were less ordered than those of the GCB. The Lc (002) value of
AB250 (2.09 nm) in Table 1 was also smaller than that of GCB
(4.53 nm). In the case of the distribution, all of the Pt particles
existed only on the AB250 exterior surface, probably due to the
decreased number of interior pores. Although an uneven distribu-
tion of the Pt particles was observed locally, the Pt particle sizes
were extremely uniform (mean diameter 2.5 ± 0.3 nm), in spite of
the decrease of the speciﬁc surface area resulting from the heat
treatment, in comparisonwith the commercial Pt/GCB catalyst. The
total surface area of the Pt particles (SPt¼ S(e)Pt) was also very high,
i.e., 107 m2 g1. From these STEM observations, it was found that
the effective Pt surface area (S(e)Pt) that can practically contribute
to the ORR, which is determined by the location and sizes of the Pt
particles, can be improved by using the AB support and the nano-
capsulemethod bymore than a factor of two (Table 2). The effective
Pt surface area (S(e)Pt) increased in the following order: c-Pt/CB < c-
Pt/GCB < n-Pt/AB800 < n-Pt/AB250.3.2. Microstructures of the carbon supports before and after the Pt
loading and ionomer addition
We investigated the microstructure changes of the carbon
supports before and after the Pt loading and ionomer addition by
using N2 adsorption analysis [20e22]. Fig. 2(a) show the N2
adsorption isotherms of these carbon supports, i.e., CB, GCB, AB800
and AB250, which were measured at 77 K. CB and AB800, with high
speciﬁc surface areas, exhibited larger amounts of N2 adsorption in
comparison with those of GCB and AB250, particularly for the
micropore regions (very low gas partial pressures, <0.01 P/P0
[23,24]). From the N2 adsorption isotherms, it was observed that
the CB, GCB and AB800 supports exhibited differing hysteresis
behavior during the desorption process. According to the previous
research of several groups [25,26], the hysteresis is characteristic of
the cavitation mechanism of nitrogen condensed in the pores, for
which the desorption step is shifted to a lower relative pressure, ca.
0.45 P/P0; this behavior is typical for ink-bottle pores with narrow
necks. This means that these carbon supports possess hollow
structures in the carbon particles. Therefore, the N2 adsorption
results support the idea that the Pt particles observed in the interior
of these catalysts during the STEM observation can be ascribed to
the hollow structures inside these carbon support particles.
Fig. 2(b) shows the changes of the N2 adsorption isotherms of
the carbon supports before and after the Pt loading and ionomer
addition. The amount of the N2 adsorption was reduced by the Pt
loading or ionomer addition for all of the carbon supports. How-
ever, the CB and AB800 supports, even with similar N2 adsorption
isotherms, exhibited different changes of the pore structures after
the Pt loading and ionomer addition. In the case of the CB, the
Fig. 2. (a) N2 adsorption isotherms of the carbon supports, (b) changes of the N2 adsorption isotherms of the carbon supports after the Pt loading and ionomer addition, (c) pore size
distribution of the carbon supports calculated by BJH method, and (d) the changes of the pore size distribution of the carbon supports after the Pt loading and ionomer addition.
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or ionomer addition, as can be seen in the log scale graphs (shown
as insets). Furthermore, the hysteresis due to the cavitation
behavior of nitrogen was still observed even after the Pt loading
and ionomer addition. This means that nitrogen can be access the
pore necks; in other words, the CB support maintained the hollow
structures even after the Pt loading and ionomer addition. On the
other hand, the N2 adsorption for AB800 was signiﬁcantly
decreased by the Pt loading, and then all of the micropores were
blocked after the ionomer addition. This indicates that the AB800 is
prone to pore blockage during the synthesis process of the Pt
catalyst. For the GCB and AB250 supports, it was also conﬁrmed
that the N2 adsorption was decreased by the Pt loading and ion-
omer addition.
Fig. 2(c) shows the pore size distributions of the carbon sup-
ports, which were calculated by the BJH method. The pore size
distribution curves are very similar in shape. However, the carbon
supports exhibited different total pore volumes, particularly in
the nanopore region (<10 nm). The pore volume below 10 nm
decreased in the following order: CB > AB800 > AB250 ¼ GCB. In
addition, it was found that the cavitation behavior of the CB, GCB
and AB800 supports, due to the narrow-neck pores, caused artiﬁ-
cial peaks (around 4 nm) on the pore size distribution curves.
Thommes et al. reported a detailed investigation of the origin of the
hysteresis loop and the cavitation-induced artiﬁcial peak in pore
size distributions [25,26]. They stated that, if the neck size of an ink-
bottle-type pore is less than approximately 5 nm, the cavitation-controlled stepwise evaporation is observed in a narrow range of
relative pressure around 0.47 for nitrogen sorption at 77.4 K.
Because the relative pressure at which the stepwise evaporation
occur is not related to the size of the neck, no information about the
neck size can be obtained from the stepwise evaporation, causing
an artiﬁcial peak around 4 nm in diameter. This stepwise evapo-
ration in the adsorption isotherm and/or artiﬁcial peak in the pore
size distribution induced by the cavitation phenomenon has been
observed frequently in gas sorption analyses of carbon materials
[27,28].
The changes of the pore size distribution before and after the Pt
loading and ionomer addition are presented in Fig. 2(d). As
mentioned earlier, in the N2 adsorption isotherms (Fig. 2(b)), the
pore volume of the carbon supports was decreased by the Pt
loading and ionomer addition. Also, CB and AB800 showed
different changes of the pore structures after the Pt loading and
ionomer addition. In the case of the AB800 support, the nanopores
below 10 nm nearly disappeared after the Pt loading and ionomer
addition. On the other hand, the CB support still possessed a sig-
niﬁcant amount of nanopores even after the Pt loading and ion-
omer addition.
Additionally, we utilized QSDFT for the more detailed investi-
gation of the nano-size pores of the carbon supports before and
after the Pt loading and ionomer addition. QSDFT is an advanced
density functional theory method used for the characterization of
micro-mesoporous materials. QSDFT accounts for the surface
geometrical inhomogeneity in terms of the roughness parameter,
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micro-mesoporous carbons to be made and which can enable the
calculation of the pore size distribution from 0.4 nm to 35 nm from
the nitrogen adsorption measurements at 77 K [13,14]. Therefore, it
can be considered that the QSDFT method is a relatively reliable
method for the characterization of inherently complex, heteroge-
neous pore structures such as those in carbon materials. From the
QSDFT analysis (Fig. 3(a)), it is possible to compare more clearly the
changes of the nanopore volume for these carbon supports after the
Pt loading and ionomer addition. The microstructures of the GCB
and AB supports were signiﬁcantly changed due to the Pt loading
and ionomer addition, as shown in Fig. 3(a). In particular, the mi-
cropores below 2 nm nearly disappeared. The volume reduction of
the nanopores below 5 nm (particle sizes of Pt catalysts were
1.5e4.5 nm) is compared in Fig. 3(b). The decrease ratios of the
nanopore volume calculated from the QSDFT analysis were 45% for
CB and 78% for AB800 after the Pt loading, which was further
decreased after the ionomer addition, 77 and 94%, respectively. ThisFig. 3. (a) Changes of the nanopores of the carbon supports after the Pt loading and iono
nanopores below 5 nm calculated from the QSDFT analysis.means that, in the case of the AB800 support, most of the Pt
particle-sized nanopores were blocked due to the Pt loading.
Based on the results of the STEM observation and N2 adsorption
analysis, we schematically illustrate the changes of the micro-
structures of the carbon-supports before and after the Pt loading
and ionomer addition in Fig. 4.
3.3. Ionomer distribution of the carbon-supported Pt catalysts
The morphologies of the ionomers on the carbon-supported Pt
catalysts were observed by use of TEM with a low acceleration
voltage (80 kV), and presented in Fig. 5. The ionomer covered
uniformly and continuously over the surfaces of the c-Pt/CB catalyst
(see Fig. 5(a) and (b)). However, the thickness was very small, ca.
1e2 nm or less. Considering the porous structure of Ketjenblack,
signiﬁcant amounts of ionomer might be distributed within the
interior pores, as discussed for the N2 adsorption analysis of Figs. 2
and 3. In comparison with the c-Pt/CB catalyst, the coverage of themer addition calculated by the QSDFT analysis, and (b) the volume reduction of the
Fig. 4. Schematic illustration of the microstructures of the carbon-supports before and after the Pt loading and ionomer addition.
Y.-C. Park et al. / Journal of Power Sources 315 (2016) 179e191186ionomers for the c-Pt/GCB catalyst was not uniform, as shown in
Fig. 5(c) and (d). The ionomer tended to be concentrated in thevicinity of the Pt particles. Thismight be ascribed to the fact that the
GCB is hydrophobic, due to the disappearance of oxygen-containing
Fig. 5. Morphologies of the ionomers covered on the carbon-supported Pt catalysts (dashed line, carbon surface; dotted line, ionomer surface): (a) c-Pt/CB (low magniﬁcation), (b)
c-Pt/CB (high magniﬁcation), (c) c-Pt/GCB (low magniﬁcation), (d) c-Pt/GCB (high magniﬁcation), (e) n-Pt/AB800 (low magniﬁcation), (f) n-Pt/AB800 (high magniﬁcation), (g) n-Pt/
AB250 (low magniﬁcation) and (h) n-Pt/AB250 (high magniﬁcation).
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result of the heat treatment [29,30]. Therefore, the ionomers ten-
ded to be located preferentially over the Pt particles with their
relatively high hydrophilicity rather than the GCB surface. The
ionomer distribution for the n-Pt/AB800 and n-Pt/AB250 catalysts
can be seen in Fig. 5(e)e(h). The ionomer uniformly covered the
surfaces of these Pt catalysts, but not as uniformly as for the c-Pt/CB
catalyst. Also, no large differences in the ionomer coverage for these
AB supports were observed. From the TEM observations, it was
conﬁrmed that the uniformity of the ionomer coverage for these
carbon-supported Pt catalysts decreased in the order: c-Pt/CB > n-
Pt/AB800 > n-Pt/AB250 > c-Pt/GCB. The distribution of the ionomer
is proposed to be signiﬁcantly affected by the surface state of the
support, especially the degree of graphitization.3.4. Pt utilization (UPt) of the carbon-supported Pt catalysts
The CV curves of the carbon-supported Pt catalysts in the
cathode CLs are presented in Fig. 6(a). The CVs exhibited various
hydrogen adsorption/desorption charges (QH), which are quanti-
tatively shown by the corresponding ECSA and UPt values in
Fig. 6(b). The ECSA values measured from the hydrogen adsorption
charges were 93 m2 g1 for the c-Pt/CB, 52 m2 g1 for the c-Pt/GCB,
74 m2 g1 for the n-Pt/AB800 and 68 m2 g1 for the n-Pt/AB250.
The UPt values calculated from the ECSA values and the total surface
areas of the Pt particles (SPt ¼ (S(i)Pt) þ (S(e)Pt)) were 93%, 72%, 69%
and 64%, respectively. In particular, the c-Pt/CB catalyst showed the
highest UPt value. This indicates that almost all of the Pt particles ofFig. 6. (a) Cyclic voltammograms and (b) Pt utilization (UPt) of the carbon-supported
Pt catalysts at 40 C and 100% RH.the c-Pt/CB catalyst were contacted by the ionomer, in spite of the
presence of more than 60% of the Pt particles in the interior of the
Ketjenblack particles. This suggests that the ionomer might have
penetrated into the pores sufﬁciently to enable the Pt particles
within the pores to be electrochemically active and thus contribute
to the ECSA measurement. This might be attributed to the high
hydrophilicity of the Aquivion ionomer (IEC¼ 1.43meq g1), which
results from its high IEC, derived from its smaller molecular weight
and SSCs [8]; these characteristics make it is easy to penetrate into
the pores of the Ketjenblack particles. On the other hand, the UPt
values of the other Pt catalysts remained around 70%. There were
no signiﬁcant differences, in spite of the large differences in the
ionomer coverage between the GCB-supported catalyst and the AB-
supported catalysts in Fig. 5(c)e(h). Considering that the CVs for
the ECSA are based on themeasurement of relatively small currents
(<70 mA (2.4 mA cm2)), even Pt particles that are only slightly
coated with ionomer can contribute to the ECSA measurement; the
UPt values are determined only by the degree of ionic contact be-
tween the Pt particles and the ionomer and thus might not be
affected by the uniformity and continuity of the ionomer [7].
3.5. Cell performance of the carbon-supported Pt catalysts
Fig. 7(a) shows the resistance-corrected (IR-free) polarization
curves of the carbon-supported Pt catalysts for the ORR at 80 C fed
with ambient pressure air humidiﬁed at 100% RH. The mass activity
(MA) for the cathodes at 0.85 V and current densities at 0.5 V,
calculated from the IR-free polarization curves, are presented in
Fig. 7(b) and (c), respectively. As seen in Fig. 7(a), the cathode cell
performance was greatly affected by the support material. In
addition, these carbon-supported Pt catalysts showed different
performance behavior at low and high current densities. In the high
potential regions (low current densities), inwhich there is a smaller
effect of mass transport, the Pt/CB catalyst exhibited more than
twice the cell performance of the other Pt catalysts, as can be
conﬁrmed in the MA results in Fig. 7(b). This result is consistent
with those of theUPt values, discussed in Section 3.5. The higherMA
of the Pt/CB catalyst is due to the formation of much more three-
phase interface area in the cathode catalyst layer, being propor-
tional to the ionomer coverage. Also, this may be ascribed to dif-
ferences in hydrophilicity of these carbon supports. The CB support
is more hydrophilic in comparison with the GCB and AB supports,
which can lead to higher proton conductivity within the ionomer
and the CB-supported Pt catalyst due to the ability to trap the small
amounts of water that are produced during the ORR at low current
densities.
However, the performance of the Pt/CB catalyst was signiﬁcantly
decreased in the high current density region, in which larger
amounts of oxygen and protons are required. In Fig. 7(c), the cur-
rent densities at 0.5 V increased in the following order: c-Pt/CB < c-
Pt/GCB < n-Pt/AB800 < n-Pt/AB250, consistent with the order of
the effective Pt surface areas (S(e)Pt), as discussed in Section 3.1.
Thus, we assert that the lower performance of the Pt/CB catalyst
can be attributed to its low effective Pt surface area (S(e)Pt); the Pt
particles in the interior are difﬁcult to access effectively for oxygen
and protons at high current densities, thereby leading to larger
concentration polarization losses due to the limited supply of these
reactants. In particular, it is considered that the supply of oxygen
was rate-limiting. This can be supported from the O2 gain results
(Fig. 7(d)), which were calculated from the difference in the po-
tentials at given current densities on oxygen and air [31], i.e., an
indicator of gas diffusivity in the cathode catalyst layer. As seen in
Fig. 7(d), the O2 gain of the Pt/CB catalyst increased rapidly with
increasing current density, compared with the n-Pt/AB catalysts,
indicating a rapid increase of the O2 diffusion resistance. Even
Fig. 7. (a) IR-free polarization curves of the carbon-supported Pt catalysts at 80 C and 100% RH (in air), (b) mass activities at 0.85 V, (c) current densities at 0.5 V, (d) O2 gains and (e)
schematic ORR models of the carbon-supported Pt catalysts.
Y.-C. Park et al. / Journal of Power Sources 315 (2016) 179e191 189though a high fraction of the Pt particles were present on the
support surface for the Pt/GCB, this catalyst also showed larger O2
gains at all current densities compared to those of the n-Pt/AB
catalysts. This is due to the poor ionomer distribution andagglomeration of the Pt particles. The former causes an insufﬁcient
proton supply due to the presence of narrow or isolated proton
conduction paths, and the latter brings about a considerable over-
lap of the oxygen diffusion layers for the individual Pt particles,
Y.-C. Park et al. / Journal of Power Sources 315 (2016) 179e191190leading to a hindrance of oxygen transport to these particles. The O2
gain result shows that the n-Pt/AB800 catalyst established a well-
balanced supply path of protons and oxygen in the high current
density region, where the reactant transport is rate-limiting. This
can be attributed to the uniform ionomer distribution and coverage
as well as an improvement of the effective Pt surface area (S(e)Pt).
However, approximately 18% of the Pt particles for this catalyst
were still present inside the AB800 support particles, similar to the
situation for the c-Pt/CB catalyst. This is one of the main reasons for
the lower cell performance of the n-Pt/AB800 catalyst in compar-
ison with n-Pt/AB250, in spite of the superior oxygen diffusion. We
schematically illustrate the various ORR models of the CB, GCB and
AB supported catalysts in view of the reactant supply in Fig. 7(e).3.6. RH effects on cell performance of the carbon-supported Pt
catalysts
Fig. 8(a)e(c) shows the IR-free polarization curves of the carbon-
supported Pt catalysts at the operating conditions of 80, 53 and 30%
RH, and the mass power values, calculated from the maximum
outputs of the IR-free polarization curves, are plotted as a function
of RH in Fig. 8(d). All of the Pt catalysts exhibited the maximum cell
performance at 80% RH rather than at 100% RH, and their perfor-
mance at 53% RH was comparable to that at 100% RH, especially in
the high current density region. This is attributed to the high IEC
SSC ionomer used in this study. As can be seen in our previous
study [8], the excessive swelling of the SSC ionomer as a result of
excess water uptake at 100% RH causes an increase of the O2
diffusion resistance from the gas phase to the catalyst sites in the
cathode CLs. On the other hand, the high IEC SSC ionomer brought
about an enhancement of the ORR kinetics during low RHFig. 8. IR-free polarization curves (in air) and mass power as a function of RH for the caroperation, due to more effective adsorption and retention of water
produced in the cathode CLs, which led to an improvement of water
mobility and proton conductivity [32,33]. In particular, the n-Pt/
AB800 and n-Pt/AB250 catalysts, possessing both the high effective
Pt surface area (S(e)Pt) and the uniform distribution of the SSC
ionomer, were able to achieve high mass power values over a wide
range of RH (53e100%): 12.6e15.1WmgPt1 (0.079e0.066 gPt kW1)
for n-Pt/AB800 and 13.2e15.4 W mgPt1 (0.076e0.065 gPt kW1) for
n-Pt/AB250. In contrast, the c-Pt/CB catalyst exhibited lower cell
performance under the same RH conditions, i.e., 7.9e11.9 W mgPt1
(0.127e0.084 gPt kW1), in spite of the excellent coverage of the SSC
ionomer on the Pt and CB particles (see Fig. 5(a) and (b)). This can
be ascribed to the low effective Pt surface area (S(e)Pt). These results
show that the n-Pt/AB250 catalyst is the most attractive in order to
generate the large current densities required by actual fuel cell
operation, such as those in automotive applications. We believe
that, if the Pt particle and ionomer distribution are improved,
making them more uniform, it will be possible to further increase
the cell performance of the n-Pt/AB250 catalyst.4. Conclusions
We investigated the effects of the carbon structures of sup-
ported Pt catalysts on the cathode performance of the PEFC. The
effective Pt surface area (S(e)Pt), which was directly calculated from
the Pt particle size distribution, based upon the comparison of TEM,
SEM and 3D images, was increased by using the AB supports:
87 m2 gPt1 for the n-Pt/AB800 catalyst and 107 m2 gPt1 for the n-Pt/
AB250 catalyst, both being higher than that of the c-Pt/CB catalyst
(32 m2 gPt1). The N2 adsorption analyses support the idea that the
presence of a large portion of the Pt in the interior of the Pt/CBbon-supported Pt catalysts: (a) 80% RH, (b) 53% RH, (c) 30% RH and (d) mass power.
Y.-C. Park et al. / Journal of Power Sources 315 (2016) 179e191 191catalyst particles, based on the STEM observation, can be ascribed
to the hollow structures inside the carbon, which decreased the
accessible electrocatalytic surface area that can practically
contribute to the ORR. In addition, the ionomer layers for n-Pt/
AB800 and n-Pt/AB250 covered the surfaces both of the Pt particles
and carbon particles more uniformly and continuously than those
of the c-Pt/GCB catalyst, and the Pt particles were predominantly
observed on the exterior surface (S(e)Pt ¼ 68 m2 g1). Such im-
provements in the effective Pt surface area and ionomer distribu-
tion led to the much higher cell performance of the AB-supported
Pt catalysts, particularly under high current density conditions. The
O2 gain result showed that the AB-supported Pt catalysts estab-
lished the most well-balanced supply paths of protons and oxygen
in the high current density regions, where the reactant transport is
rate-limiting. This indicates that it is both necessary that all of the
Pt particles are present on the outermost surface of the support and
necessary that the ionomer covers uniformly and continuously over
the surfaces of the Pt particles and carbon, in order to efﬁciently
supply large amounts of oxygen and protons at high current
densities.
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